1. Introduction {#sec1}
===============

Over the past few years, there has been an increasing interest in the relationship between cognitive and sensorimotor performances during the developmental process in children. It is widely accepted that cognitive development should not be isolated from sensorimotor function. In other words, intelligence and achievement are established on the precondition of full development of sensorimotor function. Furthermore, high-level thinking and behavior depend on the integration of sensory input and action response to accomplish. However, there was little experimental evidence supporting this idea.

Cognitive processes were originally believed to be independent of the motor processes. In the middle of last century, Piaget pointed out that cognitive and motor processes were not separate entities, in fact, cognitive development relies on motor functioning \[[@B1]\]. To further understand the role of cognition in evolution, Churchland suggested its origin in sensorimotor control and hypothesized the existence of a continuum of higher sensorimotor functions and higher cognitive functions \[[@B2], [@B3]\]. Moreover, specific brain structures and neurotransmitters have been proved to be involved in both cognitive and motor performances. Cognitive performance related to behavior planning and executive functioning develop in early life period, when motor processes, such as movement control and visuomotor coordination, develop rapidly. On the other hand, the children with cognitive deficits often show delayed motor development \[[@B4]\], and inadequate motor performance is thought to be a marker of possible academic problems \[[@B5]\].

Learning and memory are ones of the most important components of cognitive function, and it could well predict the academic achievement in the future. When cognitive function is impaired, learning and memory are most commonly involved. Furthermore, neural plasticity, which is indicated by LTP, is considered to be the electrophysiological basis for learning and memory. Evidence from animal experiments has shown that forced or voluntary physical activity in a running wheel promotes DG neurogenesis in rodents, facilitates induction of LTP, and enhances learning and memory performance \[[@B6], [@B7]\]. Furthermore, this exercise can rescue deficits in spatial memory and LTP in rats exposed to detrimental factors such as prenatal ethanol exposure \[[@B8]\]. Taking together, these data suggest that gross motor training such as running is beneficial to synaptic plasticity and cognitive development which raise the question whether specific fine motor training can also augment brain plasticity and promote cognitive development.

To address this question, we went through several well-established models. Most models for sensorimotor training at present are based on calorie restriction, after which rats are motivated by the wish for acquiring food to develop precise manipulation of forepaw and digit movement \[[@B9], [@B10]\]. However, calorie restriction in the early life period impedes the growth and development of rats in itself. Kudryashov and Kudryashova therefore started a forelimb denervation procedure in rats for studying the effects of sensory impairment on synaptic transmission and plasticity \[[@B11]\]. Because median and ulnar nerves are mixed nerves responsible for forepaw sensory and movement, the latter refers to the strength and coordination of the grip \[[@B12]--[@B14]\]. In this study we used a similar model by removal of both median and ulnar nerves at the ligament carpi transversum of both forelimbs.

Moreover, during the rehabilitation after ischemic injury, task-specific rehabilitative therapy such as reach training has been demonstrated to facilitate functional reorganization within the intact sensorimotor cortex and ameliorate sensorimotor function of the impaired forelimb and digits \[[@B10]\]. However, whether cognitive function also improved is not explored. We previously found \[[@B15]\] that sensorimotor deprivation induced by transection of the forepaw median and ulnar nerves at PN18 led to significant impairments on spatial memory and synaptic plasticity in the schaffer-CA1 pathway. With similar surgery, Kudryashov and Kudryashova reported median nerve transection significantly alters long-term potentiation (LTP) in this pathway in hippocampus \[[@B11]\]. It is not known whether synaptic plasticity in MPP-DG pathway is also affected and whether earlier sensorimotor deprivation may produce more severe impairment.

Thus, the aim of this study was to investigate the influence of early forepaw sensorimotor deprivation in young rats on spatial reference memory and synaptic plasticity in MPP-DG pathway.

2. Materials and Methods {#sec2}
========================

2.1. Animal Care and Surgery {#sec2.1}
----------------------------

13-day-old, specific-pathogen free Sprague-Dawley rats were used for this study (Shanghai Laboratory Animal Center, Shanghai, China). Littermate rats paired by weights were assigned at random into four groups. Half of the rats in each group received sensorimotor deprivation via transection treatment (T) of the median and ulnar nerves of bilateral forepaws as previously described \[[@B11], [@B15]\], by removal of 1.5 \~ 2 mm of the median and ulnar nerves at the ligament carpi transversum of both forelimbs. The rest served as controls (C) and were sham operated. The pups were weaned at PN21, after which they were group housed according to litter and sex in clear polycarbonate cages, with *ad libitum*access to standard rat chow and water. The room temperature was maintained at 22--26°C, 40--70% humidity; the rats were kept in a 12-hour light/dark cycle (lights on from 07 : 00 AM). Spatial reference learning and memory were assessed by Morris water maze test in each group of rats beginning at one of the following times (rat age and C and T subdesignations noted in parentheses): 12 days (PN25; C25 and T25), 22 days (PN35; C35 and T35), 32 days (PN45; C45 and T45), and 47 days after surgery (PN60; C60 and T60).

All experiments were performed in a blind manner during the light phase of the cycle. All the experimental procedures involving the use of animals were approved by the Ethical Committee for Experimental Animal Usage of the Shanghai Jiao Tong University School of Medicine and the East China Normal University.

2.2. Behavioral Tests {#sec2.2}
---------------------

All of the behavioral tests were conducted in the well-designed behavioral rooms, which were sound-proof, located in the animal facility. The arena for behavioral tests was protected by a black curtain, to ensure elimination of any other possible visual clues or interference.

### 2.2.1. Open Field Locomotor Test {#sec2.2.1}

Rats were individually placed in the center of an opaque plexi cage equipped with the photobeam sensor rings that automatically detected and quantified their activities and were allowed to explore the environment for 15 minutes. Frequency of horizontal movement (FP_moves), locomotion time (FP_move time), and total distance traveled (FP_distance) were measured using a Tru-scan DigBehv-locomotion Activity Video Analysis System (Coulbourn instruments, USA). These indices were used to analyze locomotor activity and exploratory behavior.

### 2.2.2. Morris Water Maze Test {#sec2.2.2}

The water maze test was performed on the Poly Track video tracking system (San Diego Instruments). A circle pool (160 cm in diameter) was used and the platform (12 cm in diameter) was placed in the centre of any quadrant of the pool and submerged 1 cm underneath the water surface. The training protocol consisted of four to six sessions, one session (three trials) per day \[[@B16], [@B17]\]. The starting quadrant was randomly arranged for each animal and each session (three trials) contained a starting position from all but the platform quadrants. Each trial began with the rat being placed in the pool and released facing the side wall at one of the three starting positions. On each trial, the rat was allowed to swim until it found and remained on the platform for 15 seconds. The escape latency (time to reach the platform) was automatically recorded. If the rat did not find the platform within 90 seconds, it was guided to the platform by the experimenter and allowed to stay on the platform for 15 seconds. The number of training sessions was determined by when group C remembers the position of the platform. Once group C found the platform within 15 seconds, the probe test was performed the next day. During the probe test, the platform was removed and the rats were allowed to swim in the pool for 90 seconds. The time spent in each quadrant during searching was recorded, and targeted quadrant time % (targeted quadrant swimming time relative to total swimming time) were automatically calculated. All tests were carried out during the light cycle, between 08 : 00 and 14 : 00. The rats were tested in pseudorandom order. Escape latency during the training sessions and targeted quadrant time % during the probe test were used to evaluate their performances in this task. Swimming speed across trials was also automatically analyzed, to exclude the possibility that the dependent variable measure, latency to the platform, might be influenced by extraneous variables such as fitness.

2.3. Electrophysiological Recordings and LTP Induction {#sec2.3}
------------------------------------------------------

Hippocampal slices were prepared as previously described \[[@B18], [@B19]\]. Briefly, the rats were anesthetized with sodium pentobarbital (2%) and decapitated. The brains were rapidly removed and the hippocampi were dissected in icecold oxygenated (95%  O~2~ and 5%  CO~2~) artificial cerebrospinal fluid (ACSF). The ACSF contained (in mM): 120 NaCl, 2.5 KCl, 1 NaH~2~PO4 · 2H2O, 1.3 MgSO~4~, 2.5 CaCl~2~, 26 NaHCO~3~, and 10 D-glucose, pH 7.3-7.4, bubbled with 95%  O~2~ and 5%  CO~2~. Approximately 400 *μ*m transverse slices were prepared on a tissue chopper and then incubated in a recovery chamber filled with the oxygenated ACSF. Slices were allowed to recover for at least 1.5 hours before recordings were attempted. For electrophysiological recordings, the slices were transferred into a perfusion chamber continuously superfused with ACSF at a rate of 2.5 mL/min and maintained at 30°C while recording. All experiments were done on slices maintained in vitro for 2--8 hours.

For extracellular stimulation of the MPP, a monopolar tungsten electrode was placed in the middle molecular layer of the dentate gyrus. Extracellular field EPSPs were recorded with a glass microelectrode (2--10 MΩ resistance) filled with pontamine sky blue and situated in the middle molecular layer of the dentate gyrus. Responses were evoked using single pulse stimuli of a fixed duration (0.1 millisecond), delivered at 30-second intervals. The optimal recording location for each animal was determined as the point at which the largest response could be obtained with a minimal amount of current being used. Only those slices which produced the field excitatory postsynaptic potentials (fEPSPs) of 1 mV or higher in amplitude were accepted for experiments. Medial pathway responses were confirmed on the basis of depression of field EPSPs elicited with paired pulses spaced 40--100 milliseconds apart \[[@B20]--[@B22]\]. The stimulation intensity that produced \~30% of maximal evoked amplitude was chosen for test pulse and tetanic stimulation. Test stimuli (0.1 millisecond pulse width) were delivered every 30 seconds before tetanization. Once a stable baseline recording was obtained, LTP was induced by modifying a protocol (high-frequency stimulation: 2 trains, 500 milliseconds each, 100 Hz within the train, repeated every 30 seconds) described by Snyder et al. \[[@B23]\]; the stimulus strength during tetanization was increased by doubling the pulse width to 0.2 millisecond. Bicuculline (10 *μ*m/L) was applied to block GABAergic inhibition. The slope of the rising phase of the field EPSPs was used to determine alterations in the level of synaptic efficacy \[[@B21], [@B22]\]. Following the administration of the conditioning stimuli, single pulse stimuli were again administered for a minimum period of 45 minutes. The preferred measure of response size, fEPSP slope data were presented as the mean percent change from the preconditioning baseline ± SEM. And data during the last 10 minutes of recording were averaged to compare LTP induction with different treatment.

2.4. Statistical Analysis {#sec2.4}
-------------------------

Values of all variables are presented as means ± SEM. Analysis of variance (One-way ANOVA and Two-way ANOVA) and *posthoc* Dunnett\'s tests \[[@B18]\] were used to determine the effects of different treatments. All analyses were conducted using SPSS statistical software version 13.0 (SPSS Inc., Chicago, IL). Statistical significance was set at *P* \< .05.

3. Results {#sec3}
==========

3.1. Behavioural Performances {#sec3.1}
-----------------------------

### 3.1.1. Open Field Test---Locomotor Activity {#sec3.1.1}

To determine whether forepaw sensorimotor deprivation affected spontaneous locomotor activity in rats, three indices of horizontal movement (FP_moves, FP_move time, FP_distance) over a 15-minute period were used to assess locomotor activity in group T and group C rats. There was no significant difference in any of the above measures between these two groups at each time point (PN25, PN35, PN45, PN60) (*P* \> .05; [Figure 1](#fig1){ref-type="fig"}). These results indicated that forepaw sensorimotor deprivation had neither effects on locomotion nor exploratory behavior of the young rats.

### 3.1.2. Morris Water Maze---Spatial Reference Learning and Memory {#sec3.1.2}

To assess spatial reference learning and memory, we performed Morris water maze experiment. In this experiment, both groups of rats were trained on four to six sessions. Both groups of rats were able to learn the task, as demonstrated by the decreased escape latency to find the platform during training sessions. However, the sensorimotor deprived rats (Group T) displayed a slower decrease in their escape latency compared to their sham-operated control (Group C) counterparts at early time point. Furthermore, in the probe test, Group T spent less amount of time in searching the targeted quadrant.

At PN25, although all the rats started with the same level of performance at the beginning, Group T displayed a slower decrease in their escape latency. Two-way ANOVA revealed a significant difference in escape latency between Group T and Group C (*F* = 6.99, *P* \< .01). In addition, a *posthoc* analysis by using Dunnett\'s test indicated that a significant difference in escape latency was found at the third (*P* \< .05) and fourth sessions (*P* \< .05) between these two groups ([Figure 2(a)](#fig2){ref-type="fig"}). By the third session, group T took approximately 46 seconds to find the platform, whereas group C took only an average of 32 seconds. In the following fourth session, group T took approximately 43 seconds to find the platform, whereas group C took only an average of 28 seconds. In the probe test conducted after the final training session, group T spent significantly less amount of time in searching the targeted quadrant than group C (34.13 ± 2.65% versus 42.35 ± 2.06%; *F* = 6.09,  *P* \< .05, [Figure 2(f)](#fig2){ref-type="fig"}).

Similarly, at PN35, Group T displayed a slower decrease in their escape latency (*F* = 4.25, *P* \< .05). In the second session, group T took approximately 37 seconds to find the platform, whereas group C showed a significantly shorter escape latency (24.12 seconds; *P* \< .05, [Figure 2(b)](#fig2){ref-type="fig"}). In the probe test, group T spent significantly less amount of time in searching the targeted quadrant than group C (23.86 ± 2.15% versus 30.60 ± 1.71%; *F* = 6.02, *P* \< .05, [Figure 2(f)](#fig2){ref-type="fig"}).

Interestingly, at PN45, there was no significant difference in the escape latency between group T and group C during training sessions (*P* \> .05, [Figure 2(c)](#fig2){ref-type="fig"}). However, group T continued to spend less amount of time in searching the targeted quadrant than group C in the probe test (27.80 ± 1.51% versus 35.49 ± 2.39%; *F* = 7.10, *P* \< .05, [Figure 2(f)](#fig2){ref-type="fig"}).

At PN60, there were no significant difference in both the escape latency during the training sessions (*P* \> .05, [Figure 2(d)](#fig2){ref-type="fig"}) and the time spent in searching the targeted quadrant in the probe test (*P* \> .05; [Figure 2(f)](#fig2){ref-type="fig"}) between group T and group C.

Swimming speed across trials for all groups was also analyzed. There was no difference between age groups (*P* \> .05, [Figure 2(e)](#fig2){ref-type="fig"}). This result indicated that forepaw sensorimotor deprivation did not affect the gross motor required for swimming. This also proved that latency to the platform was not influenced by extraneous variables such as fitness.

Taking together, these behavioral outcomes showed that the forepaw sensorimotor deprivation induced a severe delay in the maturation of spatial reference learning and memory function in rats in early life.

3.2. Synaptic Plasticity in MPP-DG Pathway {#sec3.2}
------------------------------------------

To further understand the underlying mechanism of the forepaw sensorimotor deprivation caused-impairments on learning and memory, we examined its effect on synaptic plasticity by measuring long-term potentiation in the MPP-DG pathway of hippocampal slices from young rats.

We found that both forepaw sensorimotor deprived (group T) and sham-operated control (group C) exhibited a significant degree of LTP, as measured 45 minutes following the application of the conditioning stimuli. However, there was significant difference between group T and group C. Despite the high degree of LTP, group T showed significantly less LTP in comparison to group C at PN25 (157.07 ± 6.52% versus 188.36 ± 6.85%; *F* = 10.95, *P* \< .01, Figures [3(a)](#fig3){ref-type="fig"}and [3(e)](#fig3){ref-type="fig"}). In addition, LTP evoked by high-frequency stimulation in group T was significantly less than that of group C at PN35 (136.99 ± 7.23% versus 174.21 ± 7.65%; *F* = 12.34, *P* \< .01, Figures [3(b)](#fig3){ref-type="fig"} and [3(e)](#fig3){ref-type="fig"}). At PN45, group T continued to show significantly less LTP than group C (143.21 ± 6.72% versus 171.26 ± 5.83%; *F* = 10.03, *P* \< .01, Figures [3(c)](#fig3){ref-type="fig"} and [3(e)](#fig3){ref-type="fig"}). At PN60, however, there was no significant difference between group T and group C in LTP (143.22 ± 6.25% versus 157.91 ± 7.48%; *F* = 2.21,  *P* \> .05, Figures [3(d)](#fig3){ref-type="fig"} and [3(e)](#fig3){ref-type="fig"}).

Taking together, these data correlated perfectly with the behavior results suggesting that through the impairment of the NMDA receptor-mediated long-term synaptic plasticity in hippocampus, the forepaw sensorimotor deprivation induced a delay in the maturation of spatial learning and memory function of young rats.

4. Discussion {#sec4}
=============

To date, the relationship between sensorimotor function and cognitive development in early life has been an increasing interest in neuroscience research. Accumulating data suggest that sensory input and fine motor skills in early life may facilitate the structural and functional maturation of the brain, and promote the cognitive development \[[@B11], [@B24], [@B25]\]. However, the impact and the underlying mechanism remain unclear. In our study here, through forepaw sensorimotor deprivation, we have systematically tested the hypothesis that forepaw sensorimotor deprivation has detrimental effects on learning and memory function in rats during their early development.

In the rat, both median and ulnar nerves are mixed nerves responsible for sensory and grip movements. The strength of the grip is controlled by the median nerve through its action on extrinsic flexor muscles responsible for the flexion of the distal phalanges. The coordination of the grip is controlled by the ulnar nerve through its action on most intrinsic muscles responsible for fine phalangeal and metacarpal movements of abduction/adduction, rotation and opposition, which optimize the application of the strength on the object. Impaired performances in the grasping test and the ulnar test observed after lesion of either median or ulnar nerve confirm the above-mentioned view \[[@B11]--[@B14]\].

The Morris water maze (MWM) was first described two decades ago as a device to investigate spatial learning and memory in laboratory rats. In our three-trial version of MWM, rats deprived of forepaw sensorimotor displayed a slower decrease in their escape latency during the training sessions, and in the probe test, they spent significantly less amount of time in searching the targeted quadrant at PN25, PN35. At PN45, although there was no difference in escape latency between the two groups, time spent in searching the targeted quadrant for the forepaw sensorimotor deprived group was significantly less than sham control. These results indicated that forepaw sensorimotor deprivation impaired spatial learning and memory of rats, and this deficit existed until PN45.

Synaptic plasticity is the principal means by which the nervous system adapts to the external environment. It is crucial to the development of the nervous system. The most extensively studied form of synaptic plasticity in the brain is LTP. The characteristics of LTP, including rapid formation, synapse specificity, stability, and reversibility, make it an attractive model for studying certain forms of learning and memory \[[@B27]\]. Among the classic trisynaptic circuit of hippocampus, MPP-DG pathway exhibits NMDA receptor-dependent LTP \[[@B7], [@B20], [@B23], [@B28]\]. Our results showed that, forepaw sensorimotor deprivation produced a persistent change in the capacity of MPP-DG pathway to exhibit LTP until PN45 (32 days following the surgery), and this "time window" was consistent with that of spatial memory deficits. Thus, our data provide a direct physiological correlation between deficits in the memory function and impairments on the synaptic plasticity although this correlation has been suggested in previous studies \[[@B6], [@B7], [@B28]\]. The impairment of synaptic plasticity in MPP-DG pathway is therefore an important mechanism for the spatial memory deficits caused by forepaw sensorimotor deprivation. In addition, we previously found that synaptic plasticity in schaffer-CA1 pathway was impaired, and NMDAR1 expression level was significantly decreased after forepaw sensorimotor deprivation \[[@B15]\]. Because LTP in MPP-DG pathway is also NMDA receptor-dependent \[[@B7], [@B20], [@B23], [@B28]\], these data indicate that alteration of NMDA receptor subunits expression in hippocampus may also exist.

There are several possibilities for which the impairments in synaptic plasticity and spatial memory were not evident at PN60 in our study. First, the enhancement of the radial nerve function may complement the effect of removal of median and ulnar nerves because previous studies have shown that damages to median nerve in early age may result in enhanced radial nerve function. Moreover, the impulse transmission between the median nerve and the corresponding region of the brain may be replaced by that of radial nerve \[[@B29], [@B30]\]. Second, it can be due to the brain functional reorganization. As we already know, brain plasticity is much superior in early life. Therefore, self-compensation in the brain still experiencing maturation may remedy the impairments induced by forepaw sensorimotor deprivation.

Forepaw sensorimotor deprivation was once performed at PN18, the impairments on synaptic plasticity (in Schaffer-CA1 pathway) and spatial memory disappeared 17 days after the surgery \[[@B15]\]. However, in this study where the forepaw sensorimotor deprivation was performed at PN13, the effects on synaptic plasticity (in MPP-DG pathway) and spatial memory lasted for 32 days. This indicates that earlier deprivation of forepaw sensorimotor function can induce prolonged and more severe impairments on brain development.

There are complex interactions among learning/memory, synaptic plasticity, and neurogenesis. Hippocampus LTP is considered to be the electrophysiological basis for learning and memory \[[@B27], [@B31], [@B32]\] in which new born granule cells play an important role in dentate gyrus synaptic plasticity \[[@B23]\], and hippocampus-dependent learning and memory as spatial reference memory is related to DG neurogenesis \[[@B33]\]. Many environmental factors, including physical and chemical environmental agents and social factors have been shown to influence DG neurogenesis. Behavioral rehabilitation training, enriched environment, forced or voluntary physical activity in a running wheel all have been shown to promote DG neurogenesis in rodents, facilitate induction of LTP, and enhance learning and memory performance \[[@B7], [@B34]--[@B36]\]. It has been well known that fine motor training is part of rehabilitation training that facilitates recovery from injury such as cerebral ischemia and improves cognitive function \[[@B37]\]. Thus, forepaw sensorimotor deprivation may reduce neurogenesis level, and this in turn impairs the magnitude of hippocampal LTP and leads to spatial memory deficits as we observed. Clearly, to prove the hypothesis, further investigation is needed to determine whether neurogenesis in dentate gyrus is impaired after forepaw sensorimotor deprivation.

5. Conclusion {#sec5}
=============

To summarize, in this study, we demonstrated that forepaw sensorimotor deprivation during early postnatal development led to transitory but severe impairments on spatial learning and memory which correlated with alterations in the synaptic plasticity in MPP-DG pathway. This provides experimental evidence supporting the relationship between cognitive development and sensorimotor function.
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![Open field test performance in forepaw sensorimotor deprived group (treatment) and sham-operated control group (control). Forepaw sensorimotor deprivation did not affect spontaneous locomotor activity of the rats at PN25, PN35, PN45, and PN60 (*P* \> .05). The Three indices (a) FP_moves, (b) FP_move time, and (c) FP_distance were shown as above.](JBB2009-919276.001){#fig1}

![Morris water maze performance in forepaw sensorimotor deprived group (treatment) and sham-operated control group (control) at indicated age. (a) Escape latency for PN25 during training sessions, (b) PN35, (c) PN45, (d) PN60, (e) Swimming speed, and (f) The time spent in searching the targeted quadrant in the probe test for all groups. Data are presented as means ± S.E.M. \*Indicates a significant difference between groups for a given age (*P* \< .05). Number of rats (*n*) is indicated in the figure.](JBB2009-919276.002){#fig2}

![LTP induction in the medial perforant path---dentate gyrus (MPP-DG) pathway in sensorimotor deprived group (treatment) and sham-operated control group (control) at indicated age. (a) PN25, (b) PN35, (c) PN45, (d) PN60. Arrow indicates the time point when conditioning stimulation was administered. Numbers of rats (*N*) and slices (*n*) are indicated in all figures. (e) Summary of LTP induction at PN25, PN35, PN45, and PN60. \*\*Indicates a highly significant between group difference for a given age (*P* \< .01).](JBB2009-919276.003){#fig3}
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